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ABSTRACT 
Rapid prototyping (RP) technology is currently receiving huge attention as a 
prospective alternative to replace the conventional wax material as a master pattern in the 
investment casting (IC) process. This is because the RP technology allows simple to 
complex patterns to be fabricated directly from a computer model in a shorter time without 
using any hard tooling. However, quality of the RP patterns remains to be solved due to the 
staircase effect caused by the layered building method. Additionally, inappropriate settings 
of the RP parameters and the IC process variables such as pattern structure designs, shell 
preparation and burnout temperature may cause serious defects in the ceramic mould. This 
study was undertaken to investigate the use of RP patterns from three RP technologies in the 
IC process. These RP technologies include fused deposition modeling (FDM), multijet 
modeling (MJM) and 3D Printer (3DP) using acrylonitrile butadine styrene (ABS), SR200 
acrylate and ZP150 powder based materials respectively. Experiments were conducted to 
assess the influence of the process parameters on the quality of RP patterns using design of 
experiment (DOE) method in order to obtain the best RP process parameters in minimizing 
the RP responses such as dimensional accuracy (DA), surface roughness (SR) and build time 
(BT). In addition, the effects of the internal pattern structures on the quality of the ceramic 
shell moulds that are suitable for the IC process were also evaluated and analysed. Based on 
the results of analysis of variance (ANOVA), it was found that layer thickness (LT) and road 
width (RW) for FDM, LT and shell value core (SVC) for 3DP and part orientation (PO) for 
MJM were significant parameters affecting the DA. Findings also showed that LT, PO, air 
gap (AG) and RW for FDM, PO and part position (PP) for MJM, LT and SVC for 3DP 
significantly affect the part SR. It was observed that LT, raster angle (RA), PO and 
interaction of LT and PO for FDM, LT and PO for 3DP, PO and PP for MJM were 
significant parameters influencing the part BT. Results from the main effects plot indicated 
that all significant parameters should be set at low level in order to obtain better DA and SR. 
In addition, all significant parameters for FDM and 3DP should be set at high level and MJM 
at low level to achieve faster part BT. Empirical models for the RP responses were 
established based on the experimental data using the regression equation and can be readily 
applied to predict the respective responses. Comparing the results of different RP part 
internal structures and the casting parts, it was observed that the part with internal structure 
produces the lowest deviation of 0.006mm on DA compared to hollow structure of 0.013mm. 
However internal structure had no significant effect on part SR and at the same time also 
resulted in longer process time. It was also found that the optimum shell thickness of ST3, 
ST2 and ST1 for ABS, acrylate SR200 and ZP150 powder based materials can minimise the 
occurrence of shell cracking of the IC ceramic mould. 
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ABSTRAK 
Teknologi pembuatan deras (Rapid Prototyping - RP) mendapat perhatian amat 
besar masa kini sebagai alternatif yang bakal menggantikan bahan lilin konvensional sebagai 
paten utama dalam proses tuangan lilin (Investment Casting – IC). Ini adalah kerana 
teknologi RP membolehkan paten yang mudah dan rumit dihasilkan secara terus daripada 
model komputer dalam masa yang singkat tanpa menggunakan mana-mana perkakasan 
keras. Walaubagaimanapun, kualiti paten RP mempunyai kekurangan yang perlu diatasi 
disebabkan kesan tangga berpunca dari kaedah pembinaan secara lapisan. Tambahan pula, 
penetapan parameter proses RP yang tidak sesuai dan pembolehubah proses IC seperti reka 
bentuk struktur, penyediaan cengkerang dan suhu pembakaran boleh menyebabkan 
kecacatan serius pada acuan seramik. Kajian ini dijalankan untuk mengkaji penggunaan 
paten RP daripada tiga teknologi RP dalam proses IC. Teknologi RP ini termasuk ‘fused 
deposition modeling’ (FDM), ‘multijet modeling’ (MJM), dan ‘3D Printer’ (3DP) masing-
masing menggunakan bahan ‘acrylonitrile butadine styrene’ (ABS), ‘acrylate’ SR200 dan 
serbuk ZP150. Eksperimen telah dijalankan untuk menilai pengaruh parameter proses 
terhadap kualiti paten RP dengan menggunakan kaedah Reka Bentuk Eksperimen (Design of 
experiment – DOE) untuk mendapatkan parameter proses RP yang terbaik dalam 
meminimumkan respon RP seperti ketepatan dimensi (Dimensional accuracy – DA), 
kekasaran permukaan (Surface roughness – SR) dan masa dibina (Build time – BT). Sebagai 
tambahan, kesan struktur  dalaman paten terhadap kualiti acuan cengkerang seramik yang 
sesuai untuk proses IC juga dinilai dan dianalisa. Berdasarkan keputusan analisis varian 
(Analysis of variance – ANOVA), didapati bahawa ketebalan lapisan (Layer thickness – LT) 
dan lebar jalan (Road width – RW) untuk FDM, LT dan nilai teras cengkerang (Shell value 
core –SVC) untuk 3DP dan orientasi bahagian (Part orientation – PO) untuk MJM adalah 
parameter yang signifikan terhadap DA. Dapatan juga menunjukkan LT, PO, ruang udara 
(Air gap –AG) dan RW untuk FDM, PO dan posisi bahagian (Part position – PP) untuk 
MJM, LT dan SVC untuk 3DP merupakan parameter yang signifikan terhadap SR. 
Diperhatikan bahawa LT, ‘raster angle’ (RA), PO dan interaksi LT dan PO untuk FDM, 
interaksi LT dan PO untuk 3DP, interaksi PO dan PP untuk MJM adalah parameter yang 
signifikan terhadap bahagian BT. Keputusan yang diperolehi daripada plot kesan utama 
menunjukkan semua parameter yang signifikan perlu ditetapkan pada tetapan tahap rendah 
untuk mendapatkan DA dan SR yang lebih baik. Sebagai tambahan, semua parameter yang 
signifikan untuk proses FDM dan 3DP perlu ditetapkan pada tahap yang tinggi dan proses 
MJM perlu ditetapkan pada tahap yang rendah untuk mendapatkan bahagian BT yang lebih 
pantas. Model empirikal untuk setiap respon RP telah dibangunkan berdasarkan data 
eksperimen menggunakan persamaan regresi dan boleh terus diaplikasi untuk meramal 
respon berkaitan. Perbandingan keputusan berbagai stuktur dalaman untuk bahagian RP yang 
berbeza dan bahagian tuangan, menunjukkan bahawa bahagian yang berstruktur dalaman 
menghasilkan variasi yang terendah iaitu 0.006mm terhadap DA dibandingkan dengan 
struktur berongga iaitu 0.013mm. Walaubagaimanapun struktur dalaman tidak memberi 
kesan yang signifikan keatas bahagian SR dan disamping ianya mengambil masa proses yang 
lebih lama. Didapati juga ketebalan cengkerang yang optimum pada ketebalan ST3, ST2 dan 
ST1 untuk bahan ABS, ‘acrylate’ SR200 dan serbuk ZP150 boleh mengurangkan berlakunya 
keretakan cengkerang bagi acuan seramik IC. 
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CHAPTER 1 
INTRODUCTION 
 An Overview of Rapid Prototyping in Investment Casting 1.1
Rapid Prototyping (RP) or more commonly referred to as 3D printing 
technology had emerged since 1980s mainly to make prototypes for testing. 
Recently, the machines have been churning out an increasing number of functional 
products and parts after undergoing the RP revolution in many years. Furthermore, 
the ability of the RP can create complex parts that are traditionally difficult to 
manufacture has been used to print highly customized products such as medical aids 
and parts for aircraft engines. The RP market growth varied throughout various 
industrial analysis. Nevertheless, the RP market growth is expected to increase more 
than double from $3.1 in 2015 to $7.7B in 2020 with an estimation compound annual 
growth rate (CAGR) of 19.9% (Macgregor, 2015). RP products and services is also 
expected to increase throughout the globe as it has shown a rapid growth of 28.6% 
(CAGR) in 2012 to $2.204 billion. This shows an increase from $1.714 billion in 
2011, with growth percentage of 29.4% (Wohler associates, 2013). According to 
Wohler Report, Stratasys contributed the biggest market share of 44% compared to 
ZCorp which is about 20.7%. Currently, an evidence of new entrants into the RP 
industry could be seen which results in an increase in rivalry of about 26.6% of the 
market share. These new entrants prove that the RP has become more acknowledged 
and adoption of the technology has become well known in the manufacturing process 
particularly in decreasing time to market and product design innovation. 
 
 
 
2 
 
Investment casting (IC) is one of the approaches to produce a better quality of 
near net shape metal parts that are proficient in providing a cost-effective means of 
mass fabrication. For that perseverance, wax master patterns are more preferable as 
the expandable material which can be reprocessed after dewaxing process as well as 
it is cost efficient. However, when it comes to intricate and multifaceted parts, the 
use of conventional wax patterns may result in bottleneck due to the slow processing 
of new pattern preparation that account over 70% of the total lead time (Pal et al., 
2007). It has been reported that the consequence of this conventional practice 
increasing the cost when relating single and low volume productions. The high 
overall cost has driven by the need for specialized equipment, cheap refractory and 
binder materials and reduction of multiple labour intensive steps of mould making. 
Thus, castings are typically not incorporated into the metal fabrication system until 
the full-scale production phase is applied. High tooling cost for hard moulding of 
wax pattern may not rationalise for customized single and low volume production 
but usually favoured for mass production (Cheah et al., 2005; Vaezi et al., 2011). 
Therefore, pattern development and process without the use of hard tools from the 
early inception have encouraged RP technology to be used in IC process. Currently, 
most of the Additive Manufacturing (AM) techniques have been employed to 
successfully produce IC patterns. Moreover, many Rapid Casting (RC) solutions in 
the IC are currently being used by various industries and researchers (Chhabra and 
Singh, 2011). The three basic methods used as RC solutions in Rapid Investment 
Casting (RIC) are shown in Figure 1.1. Approach 1 shows the RP techniques been 
employed directly or indirectly as a sacrificial master pattern in the IC process. For 
fabricating high volume IC sacrificial patterns, approach 2 is employed. Approach 3 
yields direct shell production for casting from the CA model (Chhabra and Singh, 
2011). 
3 
 
 
 Research Background 1.2
Generally, RP parts have been used in exchange of the traditional wax 
patterns, resulting in improved quality, less time consuming and cost saving. Hence, 
it has become crucial tool for shortening new product design and optimising cycles 
time. Consequently, it significantly speeds up the production lead times (Ian Gibson, 
2009; Bartolo, 2011) from simulated to physical prototyping, meeting the 
contemporary approach to alter product development (Shan et al., 2003; Xing Ai et 
al., 2004). However, RP processes inherit low accuracy and roughness issues 
contributed from the staircase effect and tessellation of Computer-Aided Design 
(CAD) data. Warpage and shrinkage are examples of quality issues that were 
investigated by many researchers. Beside the slicing method, statistical tool such as 
Design of Experiment (DOE) and post processing method were used to obtain the 
best setting parameters. Thus, there are requirements to further assess the RP process 
parameters in the early stages due to the IC part quality is directly related to the RP 
master pattern fabricated from RP process. The parameters related to the RP final 
qualities of the parts are parts are layer thickness, raster angle, air gap, part 
Figure 1.1: Approaches for rapid casting solutions in rapid investment casting 
(Chhabra and Singh, 2011) 
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orientation and material properties. Further evaluations through process optimization 
have resulted in a better RP pattern quality and shorten the production lead time.  
 
 
Currently, materials such as polymer blends, paper and ceramics are being 
utilised to directly or indirectly fabricate the ceramic mould preparation in the RP 
patterns for the IC process as they have the same ability as sacrificial patterns for the 
IC process. Direct methods are mainly considered due to the fact that a pattern of any 
material either wax or non wax can be melted or burnout from the ceramic mould 
patterns. These include Multijet Modeling (MJM) wax and acrylate, Selective Laser 
Sintering (SLS) with CastForm (CF) polystyrene material or other plastics, Fused 
Deposition Modeling (FDM) ICW06 wax, Laminated Object Manufacturing (LOM) 
process and Three Dimensional Printing (3DP) wax. 
 
 
RP patterns have been developed to rapidly create a mould, with varying 
process capabilities, lead time and varying costs known as indirect method. Room 
Temperature Vulcanization (RTV) silicone mould is one of most popular tool 
application which is considered as an indirect method proficient of replicating the IC 
wax patterns. Direct wax pattern showed significant advantages in saving the time, 
yielding almost accurate final castings with sufficient surface quality and elimination 
of metal tooling. Direct metal and ceramic mould fabrication are the new areas in 
RP. This includes RapidTool (3D Systems), direct metal laser sintering 
(DMLS)(EOS), and Zcast (Zcorp.) which have impacted the cost and lead times. 
However, the use of non wax materials such as acrylonitrile butadine styrene (ABS) 
from FDM, epoxy pattern from Stereolithography (SLA) and acrylate from MJM 
have shown major problems resulting in shell cracking during dewaxing. Therefore, 
the SLA process was conducted whereby the inner pattern structure was modified in 
order to overcome the problem (Hague and Dickens, 1995; Hague et al., 2001; 
Hague and Dickens, 2001; Ferreira and Mateus, 2003; Tromans, 2004; Society, 
2005; Norouzi et al., 2009). In addition, a simple hollow geometry was proven to be 
better than a solid pattern construction in terms of dimensional accuracy, mould 
cleanliness, pattern collapsibility and resistance mould cracking (Harun et al., 2009). 
Furthermore, especially for plastic materials, it is essential to understand the 
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coefficient of thermal expansion (CTE) to reduce the transient thermal stress and to 
eliminate shell cracking (Wang et al., 2010). Despite its advantages, FDM, 3DP and 
MJM did not provide facilities for inner design compared to SLA process. One of the 
primary objective, this study is conducted the different inner resin aimed at providing 
a process with different inner design structures. 
 
 
Powder-based material from 3DP is known to produce poor surface quality 
with high porosity. It has been reported that polystyrene powder-based materials with 
high melting temperature and high melting viscosity contributes to carbonization 
residues due to incomplete combustion (Yang et al., 2009). The application of 
sealants or infiltration (e.g. wax, acrylate) on porous surfaces is essential to prevent 
slurry penetration during shell production and throughout the dewaxing procedure. A 
study on the evaluation of the shell wall thickness revealed that the ZCast process 
has the ability of decreasing material cost and production time with different shelling 
strategies (Volpato and Childs, 2003). Munish Chhabra and Singh (2011) found that 
for Aluminum, a 5 mm shell thickness has better accuracy than 12 mm shell 
thickness. Most of the previous studies incorporating direct method practically used 
current foundry practice of shell thickness. Therefore, there is also a need to optimize 
the shell thickness with different zirconium size and slurry preparations. 
 
 
Nowadays, a wide range of materials are available for the RP system which 
are very important in  building the RP pattern to ensure that the IC process is more 
flexible, providing better precision, repeatability and lower production costs. 
Numerous analysis of the transient heat transfer are conducted in order to study the 
thermal stress inside a ceramic shell under both dewaxing (180°C) and burnout 
temperatures (1120°C). ABS samples reach its softening point at 105°C and 178°C 
while the remaining material is burned off at 575°C and above 1000°C. The 
Thermogravimetric Analysis (TGA) is used to predict the thermal stability when the 
reduction amount of residual ash is known as it measures the amount and the rate of 
change in the weight of a material. Furthermore, the different thermal analysis 
(DTA) is utilised to analyse the decomposition of glass batch materials, crystalline 
phase changes, chemical reactions and glass transition temperature. In addition, it is 
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found that thermal stress is most sensitive to the glass transition temperature, 
followed by CTE of plastic patterns (Wang et al., 2010). Therefore, thermal 
expansion with different RP patterns needs to be analyzed. In contrast, the reluctance 
of materials in thermal expansion prediction will bring about the vital view in order 
to get the best burning temperature of this study. 
1.3 Problem Statements 
The need to establish a successful inhibiting or suitable process parameters 
and dewaxing operation on RP patterns is essential to overcome the staircase effect 
that reflects the surface quality of the final pattern. The quality property of the 
products fabricated by the RP process is significantly affected by the process 
parameters. Product manufactured by RP has variety of process parameters which 
affect the accuracies and part roughness individually or collectively. Only a few 
studies have compared and reported in detail the overall quality of IC parts produced 
from RP sacrificial patterns (Charmeux, 2007). Many studies conducted have 
evaluated the FDM and 3DP using different materials and process parameters. 
However, the studies on the comparison between ABS produced by FDM Prodigy 
Waterworks System and ZP150 Powder based material are still limited. Furthermore, 
there is still a lack of literature on the evaluation of qualities for acrylate droplet 
concept (Cazón et al., 2014) especially on MJM for Visijet. Conventional IC patterns 
made from commercial wax have the properties that limit their application on 
precision casting especially for the parts with thin geometries that are easily broke or 
deformed conventionally when handled or dipped in the refractory slurry (Wang et 
al., 2010). Despite the many benefits of Rapid Prototyping and Tooling (RP&T) 
techniques, rapid tooling is still lacking in terms of quality and performance 
compared to conventional tooling. Thus, further research needs to be done on issues 
of dimensional accuracy and surface quality (Cheah et al., 2005). In addition, in 
order to ensure the quality of the final casting, residues after the burnout process 
should be minimized. Most of wax patterns leave a very low ash content after 
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melting. It is vital to make sure that the every RP processes has similar or minimum 
ash residues despite the different materials used as different materials have different 
ash residue properties. 
 
 
It is not economical to produce small number of parts (Chua et al., 2005). 
According to Cheah et al. (2005), ceramic shell cracks are caused by excessive 
thermal expansions, incomplete collapsibility of pattern during burnout, residual ash 
and poor surface finish as seen in non wax pattern that is fabricated for the IC 
process. Most RP materials have CTE values that are larger than ceramic materials 
which impose significant amount of stress on the ceramic shell. Previous researches 
reported that numerous inner build design strategies for SL process pattern and 
simple hollow design can be used to decrease the stress and improve the pattern 
drainage. However, the research on different inner patterns for ABS FDM, ZP150 
3DP and Visijet SR200 acrylate MJM processes are still lacking and many of the 
previous studies are focused on the SL QuickCast process. Powder-based RP 
techniques (such as 3DP) is characterised by distortions, porosity, poor surface 
finish, material entrapment and shell cracking.  
 
 
Minimizing the amount of sealing and cost effective while increasing 
accuracy are the main criteria needed to be considered. Besides that, the ceramic 
mould thickness should also be taken into consideration through experimental 
processes whereby previous studies are mostly related to ZCast and RP&T 
techniques. The process of finding the burning temperature for non-wax RP patterns 
properties may cause casting defects due to incomplete pattern burn out or high 
residual ash. The variation of burnout procedure temperatures is related to current 
foundry practices and the lack of optimum setting.  
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1.4 Aims and Objectives of the Study 
The main aim of the study is to evaluate the sacrificial patterns for IC process 
fabricated using different RP processes. The specific objectives of this study are as 
follows: 
 
(i) To assess the significant parameters using DOE method for various 
RP process on the quality of the RP patterns produced.  
 
(ii) To develop empirical models correlating dimensional accuracy, 
surface roughness and build time. 
 
(iii) To evaluate and access of different inner designs of RP pattern for 
the IC based on the significant RP parameters.  
 
(iv) To investigate the optimum shelling strategies and burning 
temperature for the patterns used in the IC process.  
1.5 Scope of the Study 
The research will be conducted within the following limitation and scope: 
 
(i) RP materials and processes involved  FDM Prodigy WSS ABS P400, 
 MJM Projet SD3000 Visijet SR200 acrylate and 3DP 310 ZP150    
 powder based materials. 
 
(ii) The Internal structure of the FDM pattern is constructed using 
Insight software. Meanwhile for MJM and 3DP patterns, the inner 
structures are constructed using CAD file. Four basic internal 
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structures are investigated including hollow, quasi hollow, hatch and 
square form. 
 
(iii) The responses of the fabricated RP parts evaluated include 
dimensional accuracy, surface roughness and part build time. 
Benchmarking part quality is compared between RP part and cast 
pattern. 
 
(iv) TGA and DTA equipment were used to investigate the behaviour and 
CTE works. 
 
(v) Collapsibility analysis of the pattern materials of the IC mould using 
electrical furnace. 
 
(vi) This research is based on fabricated RP part shapes and size. 
1.6 Significant Research Contribution 
Fabrication of patterns using the RP techniques will be used as sacrificial 
patterns in the IC direct method process, as it enables the avoidance of using hard 
tooling. The sacrificial patterns from ABS, acrylate and ZP150 powder are used as a 
master pattern for the IC process. The findings of this study are expected to 
contribute significantly towards best process parameter setting for better dimensional 
accuracies, surface roughness and part build time when fabricating RP master 
patterns with different inner build structure using empirical analysis. Other 
significant contributions of this research include the optimal ceramic mould 
thickness to prevent shell cracking during the firing process and also the ideal 
burnout temperature for RP pattern collapsibility which allows the removal from 
ceramic mould in the cleaning process. 
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The outcome of the study will be a great assistance for investment casting 
manufacturers to enhance the production based on this pattern so it can be done 
precisely and rapidly using FDM, 3DP and MJM technologies. The finding is 
expected to eliminate the hard tooling process that uses RP as master pattern based 
on research shaped and size component. Designing the inner structure of the 
prototype can be employed accordingly to facilitate the rapid production of high 
quality IC mould. 
1.7 Thesis Organization 
Chapter 1 contains an introduction to the study, background, study objectives, 
study scopes and the study rationality in which are outlined in order to better define 
specific aspects of analysis of various RP techniques for IC addressed in this thesis. 
In addition, Chapter 2 provides a strong literature of three RP technologies, 
applications of RP in IC as well as its limitations, recent trends in IC process and 
previous studies related. Moreover, Chapter 3 explains the various steps which make 
up the methods, tools and materials for implementing RP in IC process. Furthermore, 
Chapter 4 briefly discusses the results of the study, benchmarking the responses, 
particular the analysis and deliberations on the issues arise during the study. Lastly, 
Chapter 5 delivers the full conclusion of this thesis and offers recommendations for 
improvements to this work.  
 
 
 
  
CHAPTER 2 
LITERATURE REVIEW 
2.1 Introduction 
This chapter highlights the principal of IC, the limitation of IC, RP 
technologies and research routes for direct sacrificial pattern fabrication using RP 
technologies in the IC process. The last section ends with a brief summary of 
different topics covered in this chapter. 
 
 
To meet the demand for cost effective solutions and shorter fabrication time 
in small quantity casting production, researchers and equipment builders had looked 
outside the boundary of the traditional wax based IC process. RP process produces 
direct sacrificial patterns with the aims of achieving acceptable pattern quality 
without shell cracking to produce solid metal parts during the IC process. Therefore, 
a thorough review of the issues related to direct RP pattern in the IC process is 
essential and is elaborated in the following sections. 
 
12 
 
2.2 Investment Casting Process 
The IC process is often referred to as “lost wax casting” in which produces 
net shape parts with exceptional surface finish and good dimensional accuracy of 
metal parts for almost any alloy. These metals range from ferrous (commonly 
stainless steel, and tool steel) to non-ferrous (aluminum, copper and brass). The 
process has the ability to produce geometrical complex shape without the machining 
process, assemble and finish the works to reach reproduction in near-net shape. Blind 
pockets, thin wall, radii, internal seats and fillets can be produced for difficult 
internal and external features.  
 
 
The investment casting (IC) process begins with the fabrication of a 
sacrificial pattern typically made of custom-formulated foundry wax with the same 
basic geometrical shape as the finished cast part. Normally, the IC wax patterns are 
produced by injecting the hot wax into the desired patterns and then the runner and 
gates systems are assembled and attached onto the completed fabricated wax 
patterns. Low ash wax pattern content is a combination of resin, synthetic wax and 
natural mix to produce the required combination of contraction characteristics, 
dimensional stability and part strength. The materials usually melt within the 
temperature ranged from 55°C – 90°C to form low viscosity liquids as shown in 
Figure 2.1. Since reproducible contraction values are essential a single blend of 
waxes is normally maintained and operating temperatures must be closely controlled 
due to the high coefficient of expansion of the pattern material (Beeley, 2001). 
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Figure 2.1  Typical thermal expansion curves for wax and polystyrene 
 
 
The entire wax assembly is then dipped in ceramic slurry, covered with sand 
stucco as shown in Figure 2.2 where composition includes fine grained silica, water 
and binders. The dipping process is repeated until a 6 mm - 8 mm shell thickness is 
obtained. The hardened ceramic mould is turned facing down and heated to a 
temperature around 90°C to 175°C causing the wax to flow out of the mould, leaving 
the cavity empty for the molten metal. The ceramic mould is then heated to around 
550°C to 1100°C to further strengthen the mould, eliminate any leftover wax of any 
contaminants and drive out water from the mould material. Sacrificial wax pattern 
process will leave no ash after burn out but will completely leave a representing 
hollow form of the final part geometry. The molten metal is poured while the mould 
is still hot to allow liquid metal to flow easily through mould cavity, filling detailed 
and thin section to achieve better accuracy since mould and casting will shrink 
together as they cooled. The casting parts that are typically made by investment 
casting include those with complex geometry such as turbine blades and firearm 
components. High temperature applications are also common, which includes the 
parts for the automotive, aircraft, and military industries. 
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Figure 2.2  General overview of investment casting process  
                    (www.custompartnet.com/wu/investment-casting) 
2.2.1 Limitations of Investment Casting 
The main bottleneck in conventional IC process is the pattern fabrication of 
IC in terms of cost and time in which involves intricate castings designs. It was 
found that for over 70% of the total lead time (Pal et al., 2007) for a new pattern 
fabrication depends on the complexity part. The IC process suffers long lead times 
when a new part is designed due to the fabrication of initial tooling. Conventional IC 
has a total lead time of approximately 13 to 21 weeks as shown in Figure 2.3. It 
begins with mould design to ceramic mould knockout (Cheah et al., 2005). The delay 
is longer as it considers the time starting from early process time until the final part 
of the products and then transferring to the market acceptance of end users (Pedro 
Vasconcelos, 2002; Venuvinod, 2004).  
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Figure 2.3  Process chain for ceramic cell process 
 
.  
IC application usually involves the manufacturing of geometrically complex 
and high quality net-like shaped final metal parts with acceptability. However, this 
conventional practice intensifies high cost when producing low and single volume 
productions. An economical advantage of the IC is restricted when employed to mass 
production. Among the constraint of conventional IC include: 
 
 
(i) The need to produce tooling ; 
Yield sacrificial patterns during the injection moulding process to 
produce sacrificial patterns from wax material, leading to cost 
justification challenge for small to medium production or prototyping 
of customised or single casting. 
 
(ii) Process lead time is mostly consumed during metal fabrication; 
The tooling needed for wax part production. The numbers of design 
pattern iterations are accomplished by a mold designer which further 
incorporated with additional lead time and cost before being 
submitted for manufacturing (Joseph Beaman, 1997). 
 
 
The implication of typical IC techniques is the overall cost driven by the 
requirement for specialized equipment, costly refractory and binder materials, 
multiple labour intensive steps to make a mould and the occurrence of small defects. 
Thus, full scale casting production phase is implemented when integrated into the 
system. Tooling cost is high especially for hard tooling wax pattern moulding which 
leads to cost justification of prohibitively expensive for customized low or single 
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volume production but further aims for mass production (Cheah et al., 2005; Vaezi et 
al., 2011) of any geometrical part shape complexity. In the new part design, IC 
suffers long lead time due to the initial tooling fabrication. Actually, it is even 
elongated due to the time to market of  the product to be accepted by end users 
(Pedro Vasconcelos, 2002; Patri Venuvinod, 2004). Therefore, shortening the 
process build time by incorporating a simpler set up has improved the IC 
requirements in the advancement of RP technologies. Furthermore, designers and 
user can significantly optimise the production time (Ian Gibson, 2009; Bartolo, 2011)  
by directly prototyping parts instead of simulation parts in order to improve product 
development (Shan et al., 2003; Xing Ai et al., 2004) . 
 
 
The overall cost was driven by the need of special equipment, binder 
materials, and multiple labour intensives steps to make a mould and occurrence of 
small defects which give implication to the typical IC approach. Therefore, the IC 
process can be integrated into the system to implement the full-scale production 
phase. Low and single volume production suffers high tooling cost and prohibitively 
expensive for wax pattern moulding fabrication which prefers mass production 
(Cheah et al., 2005; Vaezi et al., 2011). From a single pattern development, now it is 
extended to serve the tooling production whereby the process without tool from early 
inception motivates the RP technology to be concurrently relevant to the IC process. 
Furthermore, the significant reduction in lead time and cost is associated with single 
or small quantity production (Chua et al., 2005; Lee et al., 2004; Bassoli et al., 2007; 
Society, 2005). Therefore, it motivates the RP technology to be concurrently relevant 
to the IC process.  
2.3 RP Technology  
The terms Rapid Prototyping (RP), Additive Manufacturing (AM) Direct 
Digital Manufacturing (DDM), Solid Free Form Fabrication (SFF), Layer 
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Manufacturing (LM) and RT are the range of technologies considered under Rapid 
Manufacturing (RM). The term ‘additive’ manufacturing is used in reference to LM 
as some future RM systems will operate in a multi-axis fashion as opposed to the 
current layer manufacturing (Neil Hopkinson, 2006). AM which uses a range of 
laser-based or advanced printing techniques to build up models layer by layer, has a 
number of compelling advantages over traditional manufacturing techniques. 
Currently, RP has opened up new avenues for fabricating functional prototypes to the 
fabrication tools and moulds for direct metal castings. Now, RP techniques are 
commercially available to fabricate prototypes and casting tooling directly from a 
computer model (Munish Chhabra and Singh, 2011).  
 
 
The RP is the part fabrication of physical prototype product using automatic 
AM techniques. In late 1980s, there was few RP technologies available and were 
used to fabricate prototype parts and models. Currently, the applications used are 
much wider in relatively small numbers to manufacturer quality parts. AM refer to 
the additive freeform fabrication and LM which takes virtual designs from computer 
aided design (CAD) or simulation modeling software, transforms them into virtual, 
thin and horizontal cross-sections and then fabricates successive layers by layers 
until the model is completed. These situations significantly shorten the product 
development time. Furthermore, with the use of high power laser technology in the 
recent years it has enabled parts to be directly made in variety of metals, and thus 
extends the application range even further (Ian Gibson, 2009). 
 
 
In general, part build process was initially designed in a computer. Figure 2.4 
demonstrates the basic design stages in the computer. The readable data on each 
layer of the part to be build were sent by the fabricating machine. The external and 
internal object surfaces must be accurately defined to build 3D parts from data 
preparation in a design computer. The computer program must have the ability of 
being sliced within the computer program to produce data for the beam-steering-
mirrors xyz stages which most part-building strategies today are available based on 
layer overlays. 
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Figure 2.4 Basic stages in RP process (Chua, 1997) 
 
 
In contrast, the RP technique begins with a graphic model designed using 
CAD software, whereby the model is sliced from the 3D graphic model into 2D 
contours. In order to transfer the 3D CAD data into the RP machines, a 
stereolithography file (STL) is generated which has the most interface between CAD 
and RP system. Then the data must be manipulated to generate the instructions 
required to control the final stage of actual fabrication of the component. The final 
step varies differently from the RP processes and depends on the basic deposition 
principle used in the RP machines (Wang et al., 2000). These techniques are contrary 
to the material removal process in which parts are build by gradually adding 
materials layer by layer in automatic mode.  
 
 
Therefore RP is being used in many industrial sectors in either functional or 
semi functional model as shown in Figure 2.5. The early phase of design by adopting 
physical rapid model will helps to increase the visualisation ability. In the early 
design stage, any flaws in the design can be detected before tooling manufacturing. 
In most cases the use of RP has achieved lead time reductions in the fabrication of 
prototype parts and tooling, which ranges from 60% to 90% time saving. It is clear 
that RP contributes to the potential of cost production reduction. RP process 
advancement is capable of fabricating with a simpler set up and shortening the 
19 
 
process build time and has improved the IC requirements. Furthermore, production 
lead times can significantly be boosted by users and designers (Ian Gibson, 2009; 
Bartolo, 2011) from virtual design CAD design to physical prototyping and 
encounter the concurrent approach to improve product fabrication (Shan et al., 2003; 
Xing Ai et al., 2004) . 
 
 
Figure 2.5 RP product applications 
 
 
RC profoundly refers to patterns, cores and cavities in metal casting from 
digital data of ceramic moulds (Bassoli and Atzeni, 2009). Traditionally, subtractive 
method was employed in typical core box, pattern and other conventional procedures 
to produce metal parts. The additive construction has the flexibility to fabricate any 
complex geometrical casting shape freedom that are challenging and difficult to be 
obtained using conventional practices (Ramos et al., 2003). The combination of RT 
and RC technologies enables the AM method to allow foundry practitioners to 
eliminate tooling in the production of IC pattern for low production quantities and 
produces shorter process lead time in economical cost relative to conventional 
machining techniques from CAD data (Rosochowski and Matuszak, 2000). 
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2.3.1 Research Routes for Direct RP in IC 
RP provides robustness to the materials so that geometrical features of 
various complexities can be produced, especially for low-volume production. The 
employment of RP-fabricated patterns in the IC process enables the RP parts as a 
sacrificial pattern to be melted and burn out during the cleaning process from the 
ceramic shell without any cracking defect. Direct method for RP pattern fabrication 
for IC is applied with either with wax or non-wax materials (plastics, ABS, acrylic, 
etc.). The successes of this method depends on the complete burn out of the RP 
material and have no residual ash content left inside the ceramic mould. Generally, 
current RP system can be classified as solid based, liquid based or powder based 
systems (Chua, 1997; Kruth, 1998; Chee, 2003; Neil Hopkinson, 2006; Noorani, 
2006; Frank Liou, 2008; Groover, 2011) as shown in Table 2.1. According to Daniel 
and Krassimir (2010), it is more practical to classify and list the viable RP 
technologies only on the basis of the material used in the process and their 
capabilities to meet design requirements.  
 
 
Table 2.1 :  Materials in RP 
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Conventional wax materials are often used as an expendable or sacrificial 
pattern in the IC process. RP techniques in which have same ability as conventional 
injection moulding process are able to fabricate parts as sacrificial patterns with 
many different materials including paper, ceramic, resins, polymer blends and metals 
directly or indirectly. Most of the RP techniques can produces patterns directly and 
indirectly with different materials including polymer blends, paper, ceramics and 
metals which have the ability same as sacrificial patterns for IC process. Currently, 
there are numerous RP technologies available for the manufacture of IC as a 
sacrificial patterns such as Thermojet MJM and Projet wax, SLA Quick Cast 
(http://printin3d.com/3d-printer-materials 2010), LOM process, CF polystyrene or 
other plastic material from SLS, FDM ICW06 wax etc. Designers can transfer the 3D 
CAD data easily and efficiently when merging IC with wax printing. Wax printing 
can produced directly wax pattern including risers and runners for metal pouring. 
Figure 2.6 shows the various RIC patterns in preparation for IC patterns. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6  Rapid investment casting approaches 
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2.3.2 Direct RP Solid Based Materials Fabricated IC Pattern 
This research focuses on three types of RP technology to evaluate the 
capability of direct IC sacrificial patterns which consist of ABS materials from FDM, 
acrylate materials from MJM and ZP150 powder based materials from 3D Printer. 
The materials used in the FDM are thermoplastic such as ABS, polycarbonate and 
polyphenylsulfone which builds the parts in the same robust, stable plastics used in 
injection moulding and other traditional manufacturing processes. The overall 
concept of FDM uses two different materials in the building process. A primary part 
material is used to fabricate the model geometry and the secondary support material, 
or release material, is used to produce the support structures. FDM constructs the 
parts by movable temperature controlled head which extrude thermoplastic material 
onto a platform. The heated nozzles are used to lay down the molten part build 
filaments and support the materials in the desired cross sectional geometries as 
shown in Figure 2.7. FDM has been directly or indirectly used in investment casting. 
The direct investment casting application uses the FDM ABS plastic parts which are 
treated with metal spray as the investment casting patterns. Meanwhile the indirect 
investment casting application produces RTV moulds from FDM plastic parts first; 
then create wax investment casting patterns from RTV moulds (Lee et al., 2004). 
The surface finishing of FDM parts is not very smooth. Therefore, the surface of the 
final investment casting parts is also influenced.  The combination of strength for 
FDM parts between each layer is weak, which hinders FDM technology to be used in 
sand casting pattern manufacturing. FDM technology also consumes longer time to 
fabricate a large part.  
 
 
In investment casting, FDM has been used both directly where FDM ABS 
plastic parts are treated with metal spray for casting of investment pattern,  and 
indirectly where FDM plastic firstly produces RTV moulds then the investment 
casting created using wax. FDM finishing surface is not smooth thus affecting the 
final investment. The combined FDM parts is weak and it takes a long time to 
produce large part, thus it is not much used in sand casting manufacturing. 
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Figure 2.7 Schematic of FDM  
 
 
Similar to the concept of FDM techniques, MJM used jetting head spray with 
tiny droplets of melted liquid deposited of photopolymer which cool and harden to 
form solid object as shown in Figure 2.8. A piezoelectric print head with thousands 
of nozzles is used to jet 16 micron droplets of photopolymer on the printing structure. 
An additional set of nozzles deposits a sacrificial support material to fill the rest of 
the layer. An ultraviolet (UV) curing lamp is scanned across the build to immediately 
cross-link the photopolymer droplets. A MJM heads shuttles back and forth like a 
line printer (x-axis), later on building a single layer of three dimensional concept 
models. If the part is wider than the print head, the platform repositions (y-axis) itself 
to continue building the layer. After the layer is complete, the platform is distanced 
from the head (z-axis) and the head begins building the next layer. This process 
continues until the full desired concept model is complete. However, it should be 
noted that there are significance factors that influence the performance of the MJM 
process such as MJM head, materials as well as the controller motion (x,y,z axis 
motions). The system generates wax-like plastics models. Generally, MJM 
technology combines acrylic build material and wax based support materials which 
melt easily leaving the required patterns. 
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Figure 2.8  Schematic design of MJM (Lim, 2010) 
 
 
The layers of 3DP which use powder-based materials are applied to a 
substrate then are selectively joined using a binder sprayed through a nozzle as 
shown in Figure 2.9. The building process of patterns starts with spread a thin 
powder above the surface of a powder bed. In order to differentiate the part cross 
section for building the pattern, a drawing of CAD which has been slice into 
successive layers will be used. Next a binder material that is deposited from a raster-
like mechanism which is the desired particles where the object is to be formed. The 
unbinded powder is then removed and the porous part must be strengthened by a 
conventional pre-sintering material and requires further infiltration. For the real 
operational work, the starch and plaster (gypsum) will fill the powder bed and then 
the liquid binder (water) will stimulate the plaster. Most of the binder compositions 
are dyes and additives. The dyes act as colour printing while the additives are for 
adjusting the boiling point, viscosity and surface tension to synchronize the print 
head of the 3DP. Z Corporation has developed ZCast 3D printing technique to 
produce sand casting patterns and moulds. Printed sand casting patterns are also 
required to be infiltrated with epoxy to provide  strength for multiple uses (Kawola, 
2008).  
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